Introduction
Single crystal measurements are among the most straightforward but not always applicable methods to determine the values of magnetic couplings in solids. It is for instance difficult to obtain single crystals of biochemical materials. In other cases the paramagnetic species are intentionally trapped in a disordered matrix or in a frozen solution. The ESR lines are then usually broadened by the anisotropy of the magnetic couplings. Some data, e.g. the position of the paramagnetic species in the lattice that a single crystal analysis can provide, are difficult to extract from a powder. However, a considerable amount of information can often be extracted from a spectral analysis even from disordered systems as shown in many preceding works e.g. concerned with:
• Free radicals or other S=½ species with anisotropic g and hyperfine couplings
• S>½ species with zero-field splittings
In some cases a visual analysis is sufficient, in other refinement by computer simulation is required. A large number of simulation methods have been developed during the last 40 years, the earlier ones, e.g. in [1] [2] [3] being based on perturbation theory. Methods based on exact diagonalization of the spin Hamiltonian have been described more recently, see for example [4] [5] [6] . The mathematical form (1) used in this work is also adopted in many of those programs for the calculated spectrum. 
The summation is over the transitions between the magnetic states p and q. I pq is the transition probability and B pq is the resonance field. The microwave frequency ν is constant and the spectrum S(B,A) is calculated as a function of the applied magnetic field B. The shape of the spectrum is determined by a set of parameters A representing e.g. the components of g-and hyperfine coupling tensors, line width w, and total intensity C. The line shape f(x) is usually approximated by 1 st derivatives of Gaussian, Lorentzian or Voigt functions.
appeared following the initial work by Misra [7] using the non-linear least-squares method. In this method the function (2) is minimised [8] . 
This approach is applicable when the energies E p and wavefunctons ψ p are obtained by diagonalization of the spin_Hamiltonian matrix. It provides a possibility of obtaining analytical derivatives of the energy differences E p -E q used to calculate the resonance field, and consequently of the coupling tensors. An alternative method to obtain analytical derivatives when the resonance fields B pq were obtained by perturbation theory was recently published [9] .
In this study we employ automatic fitting procedures for disordered systems using both matrix diagonalization and perturbation methods in two least-squares programmes. The first method is intended for general spin systems. A graphical interface for input generation and output display has been added after the programme was first described.
[10]. The programme was slow when applied to the analysis of fluorocarbon radical ESR for the analysis of the experimental spectra of this work.
Theoretical methods
Two methods were employed to calculate the intensities and positions (I pq ,B pq ) in eq. (1), one exact, based on diagonalization of the full spin Hamiltonian matrix, the other approximative using 2 nd order perturbation theory. The refinement of the parameters, i.e.
the elements of e.g. the g-and hyperfine coupling tensors, by the non-linear least squares method proceeded by similar methods in the two cases. The non-linear least squares fit procedures of the exact and approximate methods followed those described by Press et al. [8] . In this method derivatives, k A S ∂ ∂ , of the spectrum (1) with respect to parameters A k must be provided.
Matrix diagonalization method
The exact method based on matrix diagonalization of the full spin Hamiltonian has been A k were calculated analytically with the help of the Hellmann/Feynman theorem (3) to reduce computation times as described in [10, 16] . The Hamiltonian matrix elements are linear functions of the parameters A. The derivatives ∂H/∂A k were therefore computed by putting A k =1, A j =0, j≠k in the Hamiltonian matrix. The intensity of the transition I pq is a generalized expression of that by Kottis and Lefebvre [15] for a disordered system, taking into account all (N) magnetic particles, electrons as well as nuclei and with the microwave magnetic field perpendicular to the static field [16] .
2 nd order perturbation method
The approximate method is a development of a procedure described previously [17] to simulate EPR spectra of disordered anisotropic S=1/2 systems with hyperfine and nuclear interactions due to several (n) nuclei: 
The procedure when applied to an arbitrary number of equivalent I=½ results in a set of coupled spin angular moments with their multiplicities. The procedure was introduced to correctly calculate the 2 nd order contributions to the energy and to reduce the computation times e.g. for the c-C 4 F 8 -radical anion in this work. The procedure is applicable also for I>½ nuclei provided that the nuclear quadrupole interaction is neglected, but this feature has not been employed in the present work.
Derivatives k A S ∂ ∂ of the spectrum (1) with respect to parameters A k were calculated as follows. Equation (6) was used to obtain the derivatives with respect to the g-tensor components g ij analytically.
Here Analytic expressions for the derivatives with respect to the line-width have been given previously for a Gauss or Lorentz function [7] . The derivative with respect to the linewidth for a Voigt function was obtained with the help of (7) . This enters as a factor in the expression for w S ∂ ∂ in the least-squares fit of the line-width w to experiment [10] .
Derivatives k A S ∂ ∂ with respect to the components of the hyperfine coupling tensors were calculated numerically in the approximate theory because of difficulties to implement analytical formulae in the computer code. The potential option of optimizing nuclear quadrupole couplings was not made use of because of lacking experimental data to test the theory.
Line shapes
The line-shapes were approximated by first derivatives of Gaussian or Lorentzian functions, in the approximate theory also by the derivative of the Voigt profile. The last function was calculated as a convolution of the two first. The shape is determined by the orentzian to Gaussian line-width ratio.
arts of the programmes are in Fortran 77 with a few recent dditions in Fortran 90. 
Programming
Two separate programmes were prepared, one based on the matrix diagonalization method, the other on 2 nd order perturbation theory. The code for the least-squares fit using the Levenberg-Marquardt method was taken from the literature [8] . A free-ware code was employed to diagonalize the spin Hamiltonian matrix. Except for a graphical interface these and other p a
The XFit programme
. A graphical user interface has been implemented in the Xfit program described in previous reports [10, 16] . The interface was written in Java using its graphic library. The input data, referred to below as the simulation file, are given in fields labelled to be 
The 2ndorderFit programme
The programme is a development of a simulation program for free radicals described The Voigt line-shape function, employed in addition to the Gauss and Lorentz functions was calculated by the Gautschi algorithm, using a Fortran translation of a published code.
[18]. Numerical differentiation was employed in this case to give the quantity x ∂ (6) and to compute f ∂ used in w ∂ according to eq (7). The experimental spectrum file to which the fit is made consists of two columns giving the field and the intensity. A third column giving the uncertainty σ i at each point in eq. (2) Another, more fundamental reason is that a coupling term involving the hyperfine couplings occurs between the two F α nuclei in 2 nd order perturbation theory [21] . This is not taken into account in the simulation code employed here, except for completely equivalent nuclei occurring for example in the case considered in Figure 2 
c-C 4 F 8 -
The experimental ESR spectrum in Figure 3 
Discussion
The methods of matrix diagonalization of a general spin Hamiltonian matrix and 2 nd order perturbation theory are complementary techniques in the least-squares procedures used here and by other authors. The first method, first developed by Misra [7] in seminal work is general but limited to relatively small systems; it was used e.g to analyse the zero-field splitting of a Mn 2+ complex from its 249 GHz powder spectrum by the least squares method. A recently published treatment [9] employing perturbation theory, is better suited for systems with hyperfine couplings due to several nuclei or with a moderately large zero-field splitting in case S>½. In both methods analytical expressions for the derivatives of the fitted spectrum with respect to the spin Hamiltonian parameters were employed. Misra [7] may have been the first to employ analytical derivatives using the Hellmann-Feynman theorem (3) to obtain these derivatives in the context of ESR spectral analysis of disordered systems. This method is employed also here in the Xfit programme. Analytic derivatives were generated automatically in the programme by Soulié and Berclaz [9] based on perturbation theory. In both cases the extra computational load to obtain the derivatives together with the spectrum (1) appears to the relatively low, compared to that for numeric differentiation. It seems reasonable that the speed of analysis could be shortened considerably by employing these analytic procedures in place of the numeric treatment that until recently have been the only option. Surprisingly, in this work the implementation of analytical procedures was easier with the matrix diagonalization method, than with the perturbation method. Accordingly, the fitting of hyperfine coupling tensors had to be done using numerical derivatives in the latter case; the fitting of the g-tensor and the line-width using analytical formulae (6) and (7) proceeded significantly faster. F 2 • radical [20] makes it difficult to obtain precise coupling values when the line-width is of comparable magnitude. A rather trivial condition to obtain accurate parameters by fitting is therefore that a change of the parameters should affect the shape of the spectrum. Another, more fundamental problem became obvious in this work during the analysis of the -CF 2 • model compound using perturbation theory. The neglect of a 2 nd order cross term involving products of the anisotropic couplings of the two F atoms [21] in the applied method is considered to be an additional reason for not regaining the 18 G coupling used for the model 'experimental' spectrum. An experimental remedy by measurements at higher fields, where 2 nd order terms are suppressed may not always be available. In the present implementation 2 nd order shifts of the line positions due to the anisotropic hyperfine couplings of equivalent nuclei were taken into account in fittings to the model spectrum in figure 2 , and the experimental spectrum in Figure 4 due to the c-C 4 F 8 -anion radical.
An analysis with the same approximate method of the RCF 2 C . F 2 • radical with nonparallel axes does not seem recommendable.
Conclusions
Two types of automatic fitting procedures have been applied to extract anisotropic 19 F hyperfine coupling data from fluorocarbon radical X-band EPR spectra in disordered matrices. One is based on matrix diagonalization of a general spin Hamiltonian, the other on 2 nd order perturbation theory. The exact and the approximate methods are complementary, the first being general, but limited to relatively small systems, the second a special treatment, suited for S=½ systems with several moderately large hfs. The hyperfine couplings due to 19 F in this work were quite large, resulting in poor fits with the approximate method that became pronounced when the principal axes did not coincide. The approximate method might, however be well suited to analyze X-band ESR spectra of hydrocarbon radicals with their usually small proton hyperfine couplings.
A set of simulation programs that rely on the second order treatment of the spin
Hamiltonian written in APL language [24] provides an alternative in this case.
Although initial values of the principal values of e.g. the hyperfine coupling tensors can be deduced reasonably from the powder spectra, the corresponding directions of axes can hardly be obtained experimentally. In this case molecular orbital calculations are helpful, as these directions can often be predicted quite well, and were used for the analysis of the c-C 4 F 8 -radical anion studied here and also the XCF 2 C . F 2 • radical.
